Cortex, basal ganglia and thalamus are interconnected in large-scale loops that are intimately involved in forebrain function 1 . Connectivity between cortex and striatum is directional: cortex communicates monosynaptically to striatum, but striatum communicates only indirectly to cortex via polysynaptic downstream circuits. This arrangement appears to be crucial for the corticostriatal (CStr) system's roles in cognitive and motor functions, which include, for example, action selection, motor control, sequence learning and habit formation 2 . Recent work is revealing CStr involvement in a spectrum of neurological and neuropsychiatric disorders. This Review aims to consolidate observations at the 'upstream' (intracortical) end of CStr connectivity, spotlighting the salient functional properties of the two major classes of CStr neurons in the intact brain. It then addresses recent progress towards identifying synaptic and cellular changes affecting CStr connectivity in neuropsychiatric and movement disorders, with an emphasis on diseases for which the evidence indicates differential involvement of the two types of CStr neurons.
. Recent work is revealing CStr involvement in a spectrum of neurological and neuropsychiatric disorders. This Review aims to consolidate observations at the 'upstream' (intracortical) end of CStr connectivity, spotlighting the salient functional properties of the two major classes of CStr neurons in the intact brain. It then addresses recent progress towards identifying synaptic and cellular changes affecting CStr connectivity in neuropsychiatric and movement disorders, with an emphasis on diseases for which the evidence indicates differential involvement of the two types of CStr neurons.
Anatomy and classification of CStr neurons
CStr projection neurons are widely distributed across cortex. Two of the three major classes of cortical excitatory neurons, as defined by axonal anatomy, constitute distinct types of CStr neurons [3] [4] [5] (reviewed in REFS 6-9) (FIG. 1a) . Intratelencephalic (IT) neurons project ipsi-or bilaterally (via the external capsule and corpus callosum) within the telencephalon (cortex and striatum) and not to extratelencephalic regions such as thalamus or brainstem. These projections have complex topography, with certain parts of cortex projecting to certain parts of striatum 1, 10 . IT neurons can be found in layers 2-6. Those in layer 2/3 typically only have corticocortical (CCor) projections, whereas those in layers 5A, 5B and 6, at least collectively, have both CCor and CCstr projections (quantitative information is still limited about the extent to which single deeper-layer neurons have these dual projections). For convenience, these will be referred to as IT-CCor and IT-CStr neurons, respectively, but the dual CStr and/or CCor arbors of ITCStr neurons should be kept in mind. Here, an attempt is made to refer to IT neurons as IT-CStr and IT-CCor when data support this distinction, but in many cases, this is not yet possible. (Layer 4 stellate cells can be considered an IT subclass having only local axonal projections.) Pyramidal tract (PT) neurons, which are restricted to layer 5B, project to brainstem and in some cases also to spinal cord (via the internal capsule, cerebral peduncle and pyramidal tract), with branches to ipsilateral cortex and numerous subcortical regions; however, their intracerebral axons do not cross the corpus callosum or other commissures to the contralateral hemisphere. CStr neurons are either IT or PT but not both (FIG. 1b) . Considerable progress has been made towards identifying the molecular mechanisms involved in the developmental specification of IT and PT neurons and their circuits
. Layer 6 corticothalamic neurons form a third class of cortical projection neurons, innervating thalamus, including the reticular nucleus, but not striatum.
A remarkable feature of PT neurons is that they innervate multiple targets including striatum, thalamus, subthalamic nucleus (STN), midbrain, pontine nuclei and other brainstem areas en route to their caudal-most Nature Reviews | Neuroscience Although particular subtypes of PT neurons are referred to on the basis of their axonal branch of interest -for example, PT neurons with corticospinal (CSpi) projections are referred to as PT-CSpi neurons and those with corticopontine (CPn) projections are referred to as PTCPn neurons -it should be remembered that they are highly multiprojectional. A clear but often overlooked implication of this is that the behavioural functions of PT neurons presumably derive from their output projections in toto, not just from a subset of branches. Further research is needed to clarify the details and significance of IT and PT branching patterns.
It is striking that the long-ranging, multiprojectional axons of IT and PT neurons appear to overlap only in two places: ipsilateral cortex and, of particular relevance here, ispilateral striatum. In other words, striatum is unique among all subcortical areas in receiving both IT (bilaterally) and PT (ipsilaterally) inputs.
Knowledge is sparse about how these two classes may be differentially involved in behaviour, but the available evidence suggests that IT and PT neurons have distinct roles in cognition and movement control 6, 7, [12] [13] [14] [15] [16] .
Intracortical circuits
The computations carried out in any cortical area involve not only long-range inputs and outputs but also local intracortical circuits. The accumulating evidence, which comes mostly from rodent studies, indicates that CStr neurons are integrated into these local circuits in stereotypical ways that may carry significant implications for how information is processed directly upstream of striatum.
Layer 2/3 excitatory connectivity to corticostriatal neurons. Connections from layer 2/3 to layer 5 form a prominent interlaminar pathway within local excitatory networks in cortex [17] [18] [19] [20] [21] [22] . In mouse motor cortex, the connectivity from layer 2/3 pyramidal neurons onto projection neurons in layers 5A and 5B depends on both the precise sublayer location of the postsynaptic neurons and their IT versus PT identity 23 (FIG. 2a) . Sublayers of layer 2/3 also appear to target IT and PT neurons differentially in layers 5A and 5B (neurons projecting from layer 2 to IT and neurons projecting from layer 3 to PT), suggesting that there is an intracortical parallel pathway organization feeding into the IT and PT output channels. This circuit topology implies that IT and PT neurons collect information from separate upstream cortical networks to relay to their downstream striatal targets 23, 24 . Identifying those upstream networks remains an important goal for understanding how CCor pathways selectively engage the IT and PT output channels of cortex.
Hierarchical connectivity. Neural systems are hierarchically organized. For example, spinal motor neurons are controlled by neurons in central pattern generator (CPG) networks, which are in turn influenced by CPG controller neurons 25 . In cortex, inter-areal CCor pathways are hierarchically arranged 26 , but at the level of 
Recurrent connectivity
The concept that neurons within a class connect with one another, implying feedback communication within the network.
Hierarchical connectivity
The concept that one class of neurons is functionally downstream from another. The two classes may be in separate areas or locally intermingled. This feedforward arrangement implies control of the downstream population by the upstream population.
local circuits, this has been challenging to assess, partly because recurrent connectivity is abundant (see the next section). However, recent studies of CStr neurons have shown hierarchical connectivity in local circuits as well. A fundamental question is whether and how IT and PT neurons are interconnected: is there intracortical crosstalk between these two major CStr output channels? Paired recordings from PT-CPn and callosally projecting IT-CStr neurons in the medial prefrontal cortex (mPFC) of the rat show unidirectional IT-to-PT connectivity 27 . Similarly, paired recordings from layer 5 IT-CCor and PT-corticotectal neurons in mouse visual cortex show asymmetric connectivity, which is biased in the IT-to-PT direction 28 . Paired recordings from PT-CSpi and IT-CStr neurons in layer 5B of mouse motor cortex show essentially unidirectional IT-to-PT connectivity 29 . This connectivity appears to apply more generally, as IT neurons in layers 2/3 and 5A also connect unidirectionally with PT neurons 23, 29 . Collectively these studies suggest a hierarchical IT-to-PT principle in which PT neurons receive, but do not send, monosynaptic signals in the local excitatory network (FIG. 2b) . Although this places them downstream within the cortical circuit, they can still have active computational roles, communicating with each other directly and providing feedback inhibition to the IT network (discussed below).
Recurrent connectivity. This aspect of connectivity -a basic and prominent feature of cortical circuits -has been proposed to amplify, integrate, distribute and temporarily store information within subsets of neurons [30] [31] [32] . In the case of CStr neurons, the convergent output of such subsets of co-active CStr neurons has been posited to selectively activate subsets of striatal neurons 33 . Recurrent connectivity is high in rat and ferret PFC, and higher between PT-CPn than between IT-CStr neurons 27, 34 . By contrast, in mouse motor cortex, recurrent excitatory connectivity is higher for IT-CStr than for PT-CSpi neurons 29 . Similarly, higher IT-to-IT and lower PT-to-PT connectivity is seen in mouse barrel and visual cortex, respectively 28 . Whereas the basic circuit organization appears conserved across areas and species, with recurrent connections within projection classes being present (FIG. 2b) , the quantitative differences in connection rates may reflect system-specific (for example, limbic versus sensorimotor) and area-specific functional specializations, species differences or a combination of factors. Interestingly, both the intracortical 29 and intraspinal 35 outputs of CSpi neurons are relatively facilitating, raising the possibility that similar synaptic dynamics pertain to striatal and other outputs of PT neurons as well.
Connectivity between corticostriatal and GABAergic neurons. Although excitatory cortical circuits are sharply IT-and PT-differentiated, the integration of GABAergic interneurons into local circuits appears to follow other rules. For example, several types of interneurons, especially fast spiking (FS) and lowthreshold spiking (LTS) interneurons, converge on both IT-CStr and PT-CSpi neurons 36, 37 . FS interneurons in layers 5A and 5B in turn receive primarily intralaminar excitation from both from both of these IT and PT classes, whereas LTS interneurons in these layers receive primarily interlaminar excitation, from layer 2/3 (REF. 37 ). Consequently, the integration of interneurons into microcircuits with CStr neurons appears to be interneuron-and layer-specific but relatively IT-and PT-non-specific (FIG. 2c) . Much remains to be done to characterize the inhibitory mechanisms regulating IT and PT signalling.
Intrinsic properties
A cortical neuron's function is set not only by its connectivity -a question of 'who talks to whom' -but also, equally importantly, by its electrophysiology -a question of 'how' it responds to inputs to generate a particular pattern of outputs. Recent work is revealing markedly differentiated intrinsic properties of IT and PT neurons.
Hyperpolarization-activated current. The hyperpolarization-activated current (I h ) is a mixed (potassium/ sodium) cation current that is encoded by hyperpolarization-activated cyclic nucleotide-gated (HCN) channel subunits. It is dually regulated by voltage and cyclic nucleotides and produces 'sag' potentials in response to current injection 38 . I h is selectively expressed in subsets of neurons throughout the nervous system and is of special interest because it filters both excitatory and inhibitory synaptic events, generates electrical resonance, is enriched in apical dendrites of cortical neurons and is under neuromodulatory control 38, 39 . Since the initial observations of I h in cat Betz cells 40 , numerous studies have established that I h is greater in PT neurons compared with IT neurons (FIG. 3a) ; for example, it is greater in PT-CPn or PT-corticothalamic than in IT-CCor neurons in rat mPFC 41, 42 , or in PTCSpi versus IT-CStr neurons in mouse motor cortex 43 . Congruous with the electrophysiology, HCN1 mRNA levels are higher in PT neurons than in IT neurons 43 . This projection-specific HCN channel expression pattern is one of many molecular distinctions between IT and PT neurons that can now be drawn (BOX 1; FIG. 3c ).
Box 1 | Molecular specification of CStr neurons and circuits
Molecular mechanisms involved in cell fate specification of intratelencephalic (IT) and pyramidal tract (PT) neurons have been worked out in considerable detail, particularly the roles of the transcription factors CTIP2 (also known as BCL-11B) and FEZF2 (Fez family zinc finger protein 2) in the case of PT neurons, and DNA-binding protein SATB2 for IT neurons 8, [183] [184] [185] [186] . In terms of their molecular expression profiles, IT neurons with corticostriatal projections closely resemble layer 2/3 IT neurons with corticocortical projections but differ in sharing with PT neurons a subset of cell fate-related molecules (but in a developmentally transient manner), potentially explaining their striatal innervation 187 . Recent work has pinpointed molecular mechanisms that establish connections from layer 2/3 to the PT neurons, showing that the synaptic connectivity depends on expression of the sonic hedgehog (SHH) receptor brother of CDO (BOC) in presynaptic layer 2/3 pyramidal neurons and SHH in postsynaptic PT neurons 188, 189 . How cell type specification across layers relates to regional specification of cortical areas [190] [191] [192] remains unclear, but further efforts in this area may illuminate the basis both for inter-areal functional differences within classes of corticostriatal projection neurons (for example, see REFS 50, 193) and for the striking subregional specificity of many of the disorders involving corticostriatal neurons discussed in the main text. . This arrangement implies that distinct upstream networks carrying different functional information feed into IT and PT neurons. b | Excitatory connectivity within L5B differs for IT and PT neurons [27] [28] [29] . IT neurons (red) excite each other and PT neurons (blue); PT neurons (blue) excite each other but not IT neurons. This hierarchical arrangement means that PT neurons are hodologically compartmentalized downstream from IT neurons within the local excitatory network. c | Microcircuits involving inhibitory interneurons converge on both and IT and PT neurons 37 . Fast spiking (FS) interneurons (pink) are preferentially excited by both IT and PT neurons in the deeper layers. By contrast, low-threshold spiking (LTS) interneurons (light blue) are strongly excited by L2/3 neurons (orange) , although they can also be activated by deeper-layer pyramidal neurons (not shown), in an activity-dependent manner 196 . Both FS and LTS interneurons inhibit both IT and PT neurons. An implication of this is that IT and PT neurons share common inhibitory microcircuit mechanisms, which can, however, be differentially accessed by upstream circuits targeting upper versus deeper cortical layers.
A speculated significance of PT-specific I h expression is that its neuromodulation could regulate the transfer of cortical activity to downstream circuits; for example, locus ceruleus activity could thereby selectively enhance PT output 43 (FIG. 3b) .
Spike-related properties. PT neurons have relatively fast (short-duration) action potentials, as observed in cat 44 , mouse 45 and primate 46,47 motor cortex. Repetitive firing patterns also differ: PT neurons tend to fire in a tonic (non-adapting or even accelerating) pattern, and IT neurons fire in a more phasic (adapting) pattern 27, 41, 45, [48] [49] [50] ( FIG. 3a) . This difference in repetitive firing behaviour arises from PT-specific expression of D-type current (which is generated by voltage-gated K V 1 channels) in the case of mouse motor cortex neurons; however, it is not observed in somatosensory cortex, indicating areal specificity in this particular firing property 50 . The relationship between current stimulation intensity and evoked spike rate is also more linear for PT neurons 45 . These properties generally suggest that PT neurons are designed for more reliable firing, especially at higher frequencies. Interestingly, there is evidence that back-propagated action potentials, which are implicated in dendritic integration and plasticity, are more attenuated and frequency-dependent in IT neurons than in PT neurons 51 . Exactly how these differences in intrinsic properties translate into behavioural functions has yet to be determined, but the findings reviewed above suggest ways in which IT and PT electrical signalling are differentiated in vivo 14 .
Neuromodulation
Neuromodulation can exert powerful effects on neural circuits. The same circuit can be reconfigured by neuromodulators to perform different computations [52] [53] [54] .
In cortex, four neuromodulatory systems are of particular interest: noradrenergic input from the locus ceruleus, dopaminergic input from the ventral tegmental area, 5-hydroxytryptamine (5-HT; also known as serotonin) input from the dorsal raphe and cholinergic input from the nucleus basalis. We are a long way from comprehending how these neuromodulatory systems operate together in a dynamic and coordinated manner during behaviour, but, as reviewed here, for each system, current research is beginning to show evidence of dichotomous influences of these neuromodulatory systems on IT and PT neurons. These findings, which are largely based on ex vivo experiments, lay the groundwork for future studies to address how neuromodulation shapes CStr function during behaviour. Dysfunction in neuromodulatory systems is important in disease states as well, as discussed later.
Noradrenaline.
A role for noradrenaline in working memory has been proposed on the basis of its modulation of recurrent connectivity in mPFC networks through cyclic AMP-induced closure of HCN channels 55 . Similarly, I h in PT neurons (see above) endows them with selective sensitivity to noradrenergic agents, in this case implying that noradrenaline may regulate CStr output selectively via the PT pathway (FIG. 3b) . For example, noradrenaline could thereby alter the efficacy by which thalamic input to apical dendrites influences cortical output in a PT-selective manner. Details of the intracellular signalling mechanisms still need to be acquired, and these ideas have yet to be substantiated in vivo. Indeed, in an earlier study, noradrenaline applied to motor cortex in awake primates often reduced firing rates for many cells, including some PT neurons, with no effect on the others. Moreover, firing Nature Reviews | Neuroscience rates were reduced more before than during movements, producing a net sharpening of responses 56 . New strategies, such as optogenetic activation of locus ceruleus axons 57 , will undoubtedly facilitate efforts to clarify how noradrenaline afferents shape IT and PT signalling in vivo.
Dopamine. Here, too, IT versus PT specificity is evident. An earlier study in rat cortex reported expression of dopamine D1 and D2 receptors in IT but not in PT neurons 58 . Supporting this, a recent study in mouse mPFC reported restriction of D1 receptor expression to a subset of IT-type layer 5 neurons, with dopamine 41, 43, 45 . b | Neuromodulation. The left panel is a schematic depicting a PT-specific increase in the transfer function relating synaptic input to spiking output, which has been observed or is inferred for noradrenaline (NA), dopamine (DA) and acetylcholine (ACh) signalling [41] [42] [43] . On the right, 5-hydroxytryptamine (5-HT) has an opposite effect on PT neurons (it decreases excitability), but it increases the excitability of IT neurons 69 . The blue and red dashed lines indicate the increases or decreases in excitability. Although greatly oversimplified, these schematics are intended to convey a sense of the diverse and either opposing or augmenting actions of neuromodulators on IT and PT neurons. c | Molecular expression. IT neurons (left) express the transcription factor SATB2, the calcium-binding protein p11, the receptor tyrosine kinase MET, protein kinase A (PKA), 5-HT receptor types 1B, 2A and 4 (5-HT 1B R, 5-HT 2A R and 5-HT 4 R) and D1 dopamine receptors (D1Rs). PT neurons (right) express the transcription factors CTIP2 and FEZF2, muscarinic ACh receptors (mAChRs), 5-HT 1A Rs, D2Rs, L-type voltage-gated calcium channels (L-VGCCs), calcium-activated non-selective (CAN) cation channels, voltage-gated K V 1 channels, potassium/sodium hyperpolarization-activated cyclic nucleotide-gated (HCN) channel subunits HCN1 and TRIP8B, α 2 -adrenergic receptors (α 2 Rs) and sonic hedgehog (SHH), which interacts with brother of CDO (BOC) in presynaptic axons from layer 2/3 (L2/3) neurons (orange). IT and PT neurons are also influenced by input from low-threshold spiking (LTS) interneurons (light blue) and fast spiking (FS) interneurons (pink), which are in turn influenced by L2/3, IT and PT projections. Whereas most of the molecules shown here are expressed differentially in IT and PT neurons, others, particularly ion channels such as L-VGCCs, may be expressed in both IT and PT neurons but are probably regulated by distinct signalling mechanisms. This schematic represents a simplified view of current information, with varying degrees of experimental support for the various features. In some cases, it does not fully capture the complexity of the available data; for example, K V 1 channel expression is high in PT neurons in motor but not in somatosensory cortex 50 . This graphical summary is intended as a starting pointing for further refinement as new information about the types and subcellular distributions of molecules and signalling pathways is gained.
receptor agonists promoting firing in a protein kinase A-dependent (PKA) but not PKC-dependent manner 59 . However, in contrast with the earlier report, another recent study of mouse PFC found evidence for D2 receptor expression in PT but not IT neurons; only PT neurons were modulated (specifically, they had enhanced afterdepolarization, promoting increased firing) by a D2 receptor agonist, an effect that was NMDA receptor-and calcium-dependent, with evidence implicating synaptic NMDA receptors, L-type voltage-gated calcium channels and a calcium-activated non-selective cation current (I CAN ) in generating the increased excitability 42 . Similarly, PT-specific D2 receptor expression was shown in ferret mPFC slices, where dopamine induced burst firing in PT-type layer 5 neurons during layer 2/3 stimulation, an effect that was sensitive to D2 receptor-selective drugs and also to the widely used antipsychotic drug haloperidol 60 . Given the importance of dopamine in CStr function [61] [62] [63] [64] , including the influence of cortical dopamine on CStr connectivity, as it relates to human behaviour such as decision-making 65 , the dopaminergic modulation of IT and PT neurons merits extensive further investigation.
5-hydroxtryptamine.
5-HT has long been known to have heterogeneous effects on cortical neurons 66, 67 . Application of 5-HT to large Betz cells (that is, PT neurons) increases I h -an observation that, in light of the decrease in I h induced by noradrenaline (see above), illustrates how two neuromodulators can coordinately regulate excitability through opposing actions on the same ionic conductance. Recent evidence indicates that neuromodulation by 5-HT is also IT-and PT-specific. Expression of 5-HT 2A receptors is highest in layer 5A 68 , which is enriched in IT-CStr neurons. In mouse mPFC, 5-HT excites (or biphasically inhibits and excites) IT neurons but inhibits PT neurons 69 (also see REF. 70 ); the inhibition occurs via 5-HT 1A receptors and the excitation via 5-HT 2A receptors. This pattern appears complementary to noradrenaline modulation (see above and see FIG. 3b ). IT-CStr neurons also appear to have higher expression of 5-HT 1B and 5-HT 4 receptors than PT neurons 71 . As discussed later, differential IT versus PT 5-HT signalling has significant disease implications.
Acetylcholine. The projection specificity of acetylcholine effects on layer 5 neurons is incompletely understood; although various cholinergic effects have been reported for experiments with unlabelled pyramidal neurons, information is limited about the IT versus PT specificity. For example, a recent study reports fast cholinergic modulation of excitatory inputs to layer 5 pyramidal neurons through nicotinic acetylcholine receptors containing α7 subunits 72 . However, in another recent study 41 , persistent firing was induced by cholinergic agonists specifically in PT-CPn but not IT neurons; this effect was ascribed to increased afterdepolarization mediated by muscarinic activation of I CAN , which is similar to the I CAN -mediated dopamine effect mentioned above (also see REF. 73 ). This provides another example of the convergence of neuromodulatory signalling pathways on the same ionic conductance but, in this case, with similar actions.
One challenge will be to dissect the cholinergic mechanisms mediated by long-range axons from the basal forebrain versus the local axons of cholinergic cortical neurons. Optogenetic approaches have potential for this by rapidly and selectively evoking acetylcholine release from basal forebrain inputs 74, 75 . For all the neuromodulatory systems, the release of modulators by axons in cortex is likely to affect not only IT and PT neurons but also to have additional and complex effects, such as modulating interneurons 74 . (FIG. 4a) . How do IT and PT neurons map onto the major dimensions of basal ganglia organization?
Downstream organization
IT-to-striatum, PT-to-multiple basal ganglia. As noted above, striatum is the sole subcortical area in which IT and PT inputs converge. However, a conspicuous but sometimes overseen feature is that PT axons additionally innervate other parts of the basal ganglia (FIG. 4a) . In particular, the PT projection to STN 11 (the hyperdirect pathway) is of interest for its role in movement disorders (see below). PT neurons also innervate dopaminergic neurons in the substantia nigra pars compacta (SNc) 11, 76, 77 , which is of interest because the SNc is the source of dopaminergic input to the basal ganglia.
Direct and indirect pathways. Striatum contains two major classes of medium spiny neurons (MSNs) with characteristic axonal projections (FIG. 4a) . Direct-pathway MSNs (dMSNs) project to the internal segment of globus pallidus and substantia nigra pars reticulata (SNr), and express D1 receptors. Indirect-pathway MSNs (iMSNs) project polysynaptically to those nuclei via the external segment of the globus pallidus and the STN, and express D2 receptors (reviewed in REF. 61 ).
Anatomical data indicate a pattern of CStr innervation biased towards IT-to-direct and PT-to-indirect connectivity within striatum 78 (reviewed in REFS 6,7) (FIG. 4b) . However, a study using in vivo electrophysiology challenged this on the basis of evidence showing that dMSNs and iMSNs receive similar amounts of IT and PT synaptic input 79 . There is also evidence for greater activation of iMSNs following cortical stimulation 80 . Further work is needed to resolve this crucial aspect of CStr organization 61 . Striatum is involved in many aspects of behaviour including reward-based learning, habits and action selection, and there is evidence that both the direct and indirect pathways contribute actively during behaviour (for example, see REFS 81, 82) . Regarding the motor control functions of striatal circuits, the direct pathway is considered to promote intended actions and the indirect pathway to suppress unwanted movements 16, 61, [83] [84] [85] (but see REF. 82 ). Building on these concepts, a recently proposed hypothesis for CStr function 86 extends the direct Nature Reviews | Neuroscience . These signals, through a combination of the large-scale loops through the basal ganglia and thalamus 1 (FIG. 4a) and the unidirectional IT-to-PT intracortical connectivity, end up being transferred to the PT-CPn neurons, which then drive the indirect pathway with signals representing the action currently being executed. Meanwhile the IT neurons are being updated with the next action-to-be-executed and the process repeats itself. This model offers a compelling and well-defined conceptual framework to guide further experiments. In general, both the accuracy and complexity of basal ganglia circuit models will increase as experimental observations -for example, PT innervation of the STN and SNc -are incorporated.
Striosome (patch) and matrix compartments.
There is also evidence for selective IT and PT innervation of these two intermixed striatal compartments (reviewed in REF. 87) (FIG. 4c) . In particular, PT neurons in prelimbic cortex appear to target striosomes preferentially, which is of interest because striosomes in turn project to SNc. Anatomical studies also indicate direct monosynaptic corticonigral innervation (by PT neurons) in parallel with this polysynaptic corticonigral pathway 11, 76, 77 . More work on these circuits is needed to understand the intersection of IT and PT and striosome and matrix organization in detail, especially as the latter exhibits regional gradients and other complexities.
Corticostriatal connectivity in disease
We now move from the IT and PT organization of the intact CStr system to consider how these cells and circuits are affected in disease states. It should be kept in mind that these disorders are complex and involve multiple systems; the focus on CStr connectivity neither excludes nor detracts from the involvement and importance of other brain circuits.
Autism spectrum disorder. The most common form of autism spectrum disorder (ASD), non-syndromic autism, is arguably a predominantly IT-related disorder. Its diagnosis rests on a clinical picture of primarily cerebral dysfunction, with relative sparing of subcerebral systems, which are more often severely affected in syndromic neurodevelopmental disorders such as Rett syndrome 88 . In non-syndromic ASD, motor abnormalities include repetitive behaviours such as stereotypies, with relative sparing of long-tract (that is, CSpi) functions associated with PT projections (for example, strength and dexterity) 89 . In light of the anatomy of the CStr system (see above), observations of corpus callosum thinning [90] [91] [92] , mild cortical thickening 93 and Figure 4 | IT versus PT innervation of striatum may be differentiated along multiple dimensions of striatal circuit organization. a | Simplified schematic illustrating that the corticostriatal (CStr) projection is an integral component in cortico-basal ganglia and thalamocortical loops. Intratelencephalic (IT) neurons (red) project subcortically only to striatum, but pyramidal tract (PT) neurons (blue) project to striatum and additional parts of the basal ganglia, particularly to excitatory neurons (purple) in the subthalamic nucleus (STN) via the hyperdirect pathway (h) and to dopamine neurons (brown) in the substantia nigra pars compacta (SNc). GABAergic medium spiny neurons (MSNs) in striatum project either via the direct pathway (d; light green) or indirect pathway (i; dark green) to GABAergic projection neurons (black) further downstream in the basal ganglia, including the external segment of globus pallidus (GPe) and the internal segment of GP and SN pars reticulata (GPi/SNr). The STN also projects back to cortex (not shown) 197 . Thalamic neurons (grey) send projections to striatum and cortex. The arrow represents the thalamocortical inputs to cortex through circuits that are still not well understood. b | Direct-pathway MSNs (light green) express dopamine D1 receptors and indirect-pathway MSNs (dark green) express D2 receptors. Both cell types receive both IT and PT inputs, with mixed evidence for cell type-specific biases in the connectivity they target. c | Striatum is also parcelled into matrix (light brown area) and striosome (darker brown zone) compartments. CStr innervation of MSNs in these compartments is biased towards PT-to-striosome connectivity for CStr projections originating from limbic cortex abnormal interhemispheric synchronization 94 all demonstrate IT involvement. Functional imaging studies in humans have emphasized long-range CCor (IT-CCor) connections, but IT-CStr projections are probably involved, given the dual cortical and striatal projections of many IT neurons (see above). Indeed, a recent study showed abnormally increased resting-state functional connectivity between widespread regions of striatum and multiple cortical areas 95 . Interestingly, pontine involvement was noted as well -a reminder that subcortical systems are also undoubtedly affected in ASD 88 . Numerous studies of ASD-associated genes demonstrate CStr involvement. Mutations in neuroligins are associated with autism 96 , and neuroligin 1 knockout mice exhibit ASD-like repetitive behaviours and abnormal CStr synapses (such as having reduced NMDA and AMPA) 97 . Mutations in SH3 and multiple ankyrin repeat domains protein 3 (SHANK3), a postsynaptic scaffolding protein expressed in MSNs, cause the ASD-related 22q13-deletion syndrome (also known as PhelanMcDermid syndrome) 98 . Shank3 knockout mice exhibit self-injurious repetitive grooming behaviour, abnormal social interactions and changes at CStr synapses 99 . These animal studies collectively support the hypothesis of CStr dysfunction in ASDs, although the IT versus PT specificity has yet to be resolved.
Human genetic studies identify the receptor tyrosine kinase MET as an autism risk allele 100, 101 . Carriers show atypical activation or deactivation responses to social stimuli and reduced CCor connectivity 102 . In human, monkey and mouse brains, MET is expressed in IT but not PT neurons 103 . In Met conditional knockout mice, intracortical excitatory circuits show abnormally increased strength (hyperconnectivity), specifically for IT-CStr and not PT-CPn neurons 104 , and altered dendritic morphology of striatal spiny neurons 105 . These findings lend support to the popular concept that cortical circuits in non-syndromic ASD are altered towards local-circuit hyperconnectivity and long-range underconnectivity 90, [106] [107] [108] . It remains to be evaluated whether local-circuit hyperconnectivity occurs in human ASD, and what the behavioural correlates of these changes are.
Collectively, these multiple lines of evidence from both human studies and animal models suggest a major role of IT neurons in ASD pathogenesis (FIG. 5) .
Amyotrophic lateral sclerosis and related disorders. In contrast to diseases such as autism in which IT neurons are implicated, amyotrophic lateral sclerosis (ALS), primary lateral sclerosis and hereditary spastic paraplegia (HSP) are conditions that predominantly affect PT neurons, particularly CSpi neurons (upper motor neurons) (FIG. 5b) . Spastic paralysis can signify PT-specific cortical pathology. However, ALS is a multisystem disease, and neurodegeneration can extend to substantia nigra, globus pallidus and thalamus, which is commensurate with the extrapyramidal signs that sometimes present clinically [109] [110] [111] . It remains unclear which, if any, of these are specifically CStr changes or changes due to other mechanisms, an issue that is challenging to resolve owing to the Cortical changes extend beyond CSpi neurons. Early in the disease, motor cortex is hyperexcitable and hyperactive during movements, which is possibly due to decreased inhibition, increased excitation or both [113] [114] [115] [116] [117] [118] [119] . Reduced staining for parvalbumin (a marker of GABAergic neurons) has been noted in post-mortem ALS cortex independent of Betz cell depletion 120 . With disease progression, cortex becomes hypoexcitable and CSpi neurons degenerate; this occurs in parallel with clinical progression. Degenerative changes observed in layer 2/3 (REFS 120,121) are intriguing as this layer excites CSpi neurons (see above).
Superoxide dismutase 1 (SOD1) and subsequently many other genes have been tied to familial ALS 122, 123 , leading to the generation of mouse models, particularly those carrying SOD1 mutations, which are used extensively to investigate disease mechanisms 124 . In motor cortex of SOD1 G93A mice, parvalbumin-positive interneurons are abnormally abundant 125 . In light of the reduced parvalbumin immunoreactivity reported in human ALS tissue (see above), additional studies are needed to resolve this apparent discordance. Abnormalities in long-term synaptic plasticity at CStr synapses have also been found in SOD1-mutant mice but have been attributed to pathology involving SNc rather than PT inputs 126 , again reflecting some of the complexities and challenges in studying CStr function in multisystem diseases. An additional consideration is that long-term plasticity of CStr synapses depends on brain state 127 . Much remains to be learned about IT and PT and CStr signalling abnormalities in ALS and related PT-predominant disorders.
Obsessive-compulsive disorder. CStr dysfunction is considered a major factor in obsessive-compulsive disorder (OCD) pathogenesis, as formulated in the 'corticostriatal loop hypothesis ' 128 , and is consistent with the CStr system's role in repetitive behaviours in general 129 . Human imaging studies have shown increased functional connectivity in a subset of CStr circuits, which is referred to as the 'OCD circuit' , encompassing orbitofrontal cortex (OFC), PFC, anterior cingulate areas of the cortex, the rostral caudate and ventral striatum, and thalamus (reviewed in REFS 128, [130] [131] [132] (FIG. 6) . Functional imaging has shown increased or otherwise abnormal functional connectivity in these CStr pathways [133] [134] [135] . An increase rather than a decrease broadly agrees with the clinical phenomenology of positive rather than negative signs. Furthermore, the increased functional connectivity in a subset of cortico-basal ganglia-thalamocortical loops accords with the proposal of OCD as a thalamocortical dysrhythmia 136, 137 . Indeed, thalamocortical dysrhythmia, which is essentially a calcium channelopathy in thalamic relay neurons, has been proposed as an aetiological mechanism in diverse neuropsychiatric and movement disorders, including many discussed here (ASD, Parkinson's disease (PD), schizophrenia and major depressive disorder (MDD)).
Evidence from mouse models supports this idea of CStr dysfunction in OCD. SAP90/PSD95-associated protein 3 (Sapap3; also known as Dlgap3)-mutant mice show remarkable OCD-like behaviours and abnormal CStr connectivity 138 . SLIT and NTRK-like protein 5 (Slitrk5) knockout mice also exhibit OCD-like symptoms and show increased neural activity in CStr areas 139 . These mice do not show gross motor abnormalities or problems with motor learning, perhaps reflecting preponderantly IT-related pathology and sparing of PT functions. Indeed, the clinical features of OCD would seem to point in the direction of IT-predominant pathology. However, the part of the basal ganglia most affected in OCD, the ventral striatum, is enriched in striosomes, which (as discussed above and reviewed in REF. 87 ) receive PT innervation. The relative involvement of IT and PT projections remains to be elucidated in this disorder. The possibility of IT and/or PT dysregulation in Tourette's syndrome, a tic disorder closely related to OCD 128, 130 , also remains to be tested.
Schizophrenia. CStr involvement in schizophrenia is a long-standing idea 140, 141 . Only certain subnetworks within the large scale loops involving cortex, basal ganglia and thalamus seem to be affected (FIG. 6) , a concept similar to that discussed above for OCD and one that pertains to other complex neuropsychiatric and Figure 6 | CStr-related changes in OCD and schizophrenia involve subsets of CStr circuits, with some overlap. The basic circuit is shown in grey and the differential involvement of this basic circuit in obsessive-compulsive disorder (OCD) is shown in blue, and how it is altered in schizophrenia is shown in green. The arrows represent the thalamocortical inputs to cortex through circuits that are still not well understood. In OCD, the circuits primarily affected are corticostriatal (CStr) circuits involving orbitofrontal (OFC), anterior cingulate (AC) and prefrontal (PFC) cortex. Schizophrenia mainly involves dorsolateral PFC circuits. Both disorders involve hyperactivity in these circuits, and CStr circuits in other regions appear to be spared. Different colours portray the differential involvement of the same basic circuits in these disorders. Abnormalities in OCD include: (1) cortical changes, with abnormal frontal activity seen by functional imaging; (2) CStr changes, including increased frontostriatal connectivity; (3) structural and functional striatal changes, particularly in ventral striatum; (4) changes at CStr synapses, which have been demonstrated in mouse models of OCD; and (5) thalamic abnormalities, including increased activity in imaging studies and thalamocortical dysrhythmia. Abnormalities in schizophrenia include: (6) cortical changes, primarily in dorsolateral PFC, including reduced thickness and functional connectivity within cortex and striatum, and abnormal rhythms; (7) thalamocortical dysrhythmia; and (8) striatal changes, including reduced striatal volume associated with schizophrenia risk alleles. movement disorders as well 141, 142 . In alignment with this idea, a recent study found evidence for impairments in cognitive skill learning, with preservation of motor skill learning ability 143 . This is of interest in light of evidence for a prominent role of the CStr system in motor skill learning (for example, see REF. 144 ; also see BOX 2) . Human imaging studies show decreased long-range functional connectivity in certain CCor and CStr (that is, IT-predominant) projections 145 -this is similar in concept to the pattern of circuit changes that are thought to occur in ASD (see above) but involving other subsets of forebrain loops. Recent studies have shown that the schizophrenia risk genes PPP1R1B, AKT1 and PRODH are associated with reductions in striatal size and increased functional frontostriatal connectivity [146] [147] [148] . The cortical area most implicated in schizophrenia is the dorsolateral PFC, and current ideas about the cellular basis for schizophrenia aetiology centre on the roles of interneurons, gamma rhythms, NMDA, dopamine and 5-HT receptors [149] [150] [151] . A possible IT versus PT angle on schizophrenia has recently emerged with the findings of IT-and PT-specific neuromodulatory mechanisms, particularly those mediated by dopamine and 5-HT signalling (see above). Abnormal cortical 5-HT signalling appears to be a major factor in the complex aetiology of schizophrenia, an idea that was originally inspired by the similarities between psychotic states and the hallucinogenic effects of the 5-HT 2A agonists LSD and psilocybin, and supported by various lines of evidence in human studies and animal models, including the high expression of 5-HT 2A receptors in PFC and ventral pallidum 152 . Abnormal cortical dopaminergic signalling is also implicated 153 . Abnormalities in these neuromodulatory systems are therefore of great interest in the context of IT and PT organization, as recent evidence indicates that CStr neurons respond divergently to 5-HT and dopamine agonists through differential expression of 5-HT and dopamine receptor subclasses in IT and PT neurons (discussed above).
Huntington's disease. Despite the widespread brain expression of the huntingtin gene product, HTT, the neurodegenerative process in Huntington's disease (HD) mainly (but not exclusively) affects cortex (especially frontal association and motor areas) and striatum (especially the anterior caudate) and thus the CStr projection [154] [155] [156] (FIG. 7a) . In striatum, iMSNs are preferentially affected 157, 158 . In cortex, HTT is broadly expressed in pyramidal neurons and inhibitory interneurons in all layers. However, in HD, although cell loss is extensive, it is restricted to pyramidal neurons in middle and deeper layers [159] [160] [161] . The multilaminar involvement as well as corpus callosum thinning 162, 163 clearly implicates IT neurons, but the loss of SMI32-immunopositive neurons also implicates PT neurons. However, PT involvement appears to be mainly intracortical, as transcranial magnetic stimulation studies have shown normal motor responses (indicating normal CSpi conductance) but with higher cortical thresholds and reduced amplitudes (reviewed in REF. 164 ).
In multiple animal models, cortical pyramidal neurons are electrophysiologically abnormal even before the onset of motor deficits, including changes in excitatory and inhibitory synaptic inputs resulting in hyperexcitability 165 . Cortical changes predict the onset and severity of symptoms 166 . Dysfunction in CStr projections is well established (FIG. 7a) , and results from mouse models have shown a progressive disconnection of cortex and striatum with disease progression 167 (reviewed in REF. 155 ). A recent study using multiple HD mouse models demonstrated consistent involvement of the CStr system, albeit with a range of severity 168 . The possibility of IT or PT specificity of these changes remains to be tested. Investigations of dMSNs and iMSNs in mouse models of HD have shown complex effects evolving during disease progression 169 , implying similar complexity for the cortical changes. Adding to the complexity is evidence that cortical interneurons, which also express HTT but are not lost in the human disease 159, 160 , contribute to the disease process through cell-cell interactions 170 .
Parkinson's disease. PD research has naturally focused on basal ganglia owing to the locus of primary pathology in SNc. However, there is increasing interest in the cortical and CStr contributions to the disease process, and the available evidence suggests IT-and PT-specific changes (FIG. 7b) . Models of the circuit changes in PD 171, 172 posit a reduced cortical drive to PT neurons. A study directly testing the cell-type specificity in motor cortex in Parkinsonian primates found reduced firing rates mostly for PT but not IT neurons 14 . An important area for future studies is to assess the changes in CStr connectivity from IT and PT neurons onto the key striatal cell types and pathways in PD models. This would enable abnormalities in the CStr system to be tied to those in intrastriatal circuits, such as the observed reduction of excitatory input to iMSNs 173 . The idea of abnormal PT activity in PD is also of interest because these neurons (particularly CSpi neurons) convey cortical commands to the subcerebral motor system, and because they monosynaptically innervate glutamatergic neurons in STN and dopaminergic neurons in SNc (see above). For example, in dopamine-depleted states the STN is hyperactive, which is broadly consistent with the predictions of the direct and indirect pathway model (FIG. 7b) . However, there is also reduced activity in STN-projecting PT neurons 174 , and hypersynchronous oscillatory activity, which may
Box 2 | Corticostriatal plasticity: implications for brain-machine interfaces
The dynamic nature of cortical activity has long been appreciated. Earlier studies showed that monkeys could be trained to modulate the activities of motor cortex neurons independent of motor activity 194 . This is essentially the fundamental principle of a brain-machine interface (BMI); that is, training a subject to control a machine by learning to control the activity of a subset of its cortical neurons. The possibility that this type of cortical plasticity could reside specifically in corticostriatal circuits was recently investigated 144 . Rats implanted with tetrodes in motor cortex were successfully trained to modulate activity of cortical neurons to change the frequency of auditory tones without generating movements. This demonstrates a vital role for corticostriatal plasticity not only in motor-based learning 195 but also in the volitional and goal-directed learning of abstract skills. An implication for BMI is that corticostriatal plasticity may be particularly promising as a source for driving BMI command signals. reflect STN hypersensitivity to PT inputs, which is amplified by dysfunction elsewhere in the circuit 175 . Deep-brain stimulation (DBS) of the STN is used to alleviate PD symptoms 176 . New evidence suggests an intracortical basis for its efficacy: that is, through antidromic activation (via the hyperdirect pathway) of PT neurons in cortex 177 . Indeed, human functional MRI data show motor cortex activation during DBS of the STN 178 . In a mouse PD model, motor abnormalities are mitigated by selective optogenetic stimulation of PT neurons, mimicking DBS of the STN 179 . DBS of the STN appears to be a case of a successful PT-selective neurointervention.
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Major depressive disorder. In MDD, cortex and striatum are prominent among the many brain regions showing abnormal activity in human imaging studies 180 . A recent study in mice underscores the relevance of IT-and PT-specific neuromodulation for disease states, showing that chronic treatment with a common antidepressant, fluoxetine, acts selectively on IT-CStr neurons in layer 5A to increase expression of the calcium-binding protein p11 (also known as exosome complex component MTR3) and 5-HT 4 receptors; this effect is not observed in PT neurons 181 (FIG. 5c) . The efficacy of fluoxetine as a first-line treatment for OCD 130 suggests that it may have similar IT-specificity in that disorder. This is an excellent example of how the different kinds of manipulations that are possible in mouse models can reveal cell type-specific molecular mechanisms directly relevant to human disease.
Conclusions and perspective
Taking an IT versus PT view of CStr connectivity brings into focus a striking bipartite organization with distinct and contrasting properties evident at essentially every level of neural organization, including long-range projections (the initial basis for the IT versus PT classification), cortical microcircuits, intrinsic properties, molecular specification and neuromodulation. Indeed, IT and PT neurons differ in almost every regard except for one cardinal property: they both innervate striatum. The evolutionary conservation of IT and PT organization across species and cortical areas is consistent with the fundamental nature of its wide-ranging roles in motivated behaviour.
The concept of excitation/inhibition (E/I) ratio, or balance, has been useful for understanding circuit-level changes in a wide variety of disease states 182 . Similarly, the evidence reviewed here suggests that 'IT/PT balance' may be a useful concept for approaching a range of neuropsychiatric, neurodevelopmental and neurological disorders. Indeed, just as the 'I' side of E/I balance is determined by distinct classes of interneurons, the 'E' side is likely to depend particularly on IT and PT neurons.
Given the overarching nature of the IT/PT balance in CStr organization in the intact brain, it would be surprising if IT/PT imbalance was not important in disease states, and, as reviewed here, there is converging evidence that this is the case in many disorders. Currently, the strength of the available data for IT and/ or PT involvement is variable, and in some cases tenuous. But the collective evidence across the spectrum of disorders reviewed here suggests that it may be useful to distinguish disorders that predominantly involve IT neurons (for example, schizophrenia, ASDs and OCD) and those that predominantly involve PT (for example, ALS, HSP and probably PD). Indeed, even (1) neurodegenerative atrophy of striatum, particularly the caudate, preferentially affecting indirect-pathway medium spiny neurons (MSNs; dark green); (2) atrophy of cortex across several layers, probably involving IT (red) and possibly PT (blue) neurons; and (3) dysfunction in corticostriatal (CStr) projections. Network effects include (4) a decrease in indirect pathway (dark green) activity and (5) an increase in direct pathway (light green) activity. Additional important components in these basal circuits include neurons in the external globus pallidus (GPe; black), the internal globus pallidus and substantia nigra pars reticulata (GPi/SNr; black) and the subthalamic nucleus (STN; purple). Thalamic neurons (grey) project to striatum and cortex (the arrow represents the thalamocortical inputs to cortex through circuits that are still not well understood). The net effect of increasing cortical output via PT neurons is thought to correlate with the hyperkinetic movements that are typical of HD. b | In PD, a hypokinetic movement disorder, changes include: (6) neurodegeneration of dopaminergic SNc neurons (brown), which is indicated by dashed projections; and (7) decreased activity in PT but not IT neurons in cortex. Network effects include (8) an increase in direct pathway activity (dark green) and (9) a decrease in indirect (light green) pathway activity. The net effect of decreasing cortical output via PT neurons is thought to correlate with the hypokinetic movements that are typical of PD. in other disorders in which the pathological process affects IT and PT neurons non-selectively (for example, cerebrovascular disease and multiple sclerosis), the balance of IT/PT output to striatum may be perturbed, with concomitant clinical manifestations. In principle, it should be possible to develop therapeutic interventions with IT or PT selectivity, for example, by exploiting their differential molecular and neuromodulatory mechanisms, or, as exemplified by DBS of the STN in PD, their long-range axonal projections.
